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Abstract
This study compared the populations of antimicrobial-resistant bacteria and the repertoire
of antimicrobial resistance genes in four environments: effluent of three municipal wastewa-
ter treatment facilities, three cattle feedlot runoff catchment ponds, three swine waste
lagoons, and two “low impact” environments (an urban lake and a relict prairie). Multiple liq-
uid and solid samples were collected from each environment. The prevalences and concen-
trations of antimicrobial-resistant (AMR) Gram-negative (Escherichia coli and Salmonella
enterica) and Gram-positive (enterococci) bacteria were determined from individual sam-
ples (n = 174). The prevalences of 84 antimicrobial resistance genes in metagenomic DNA
isolated from samples pooled (n = 44) by collection date, location, and sample type were
determined. The prevalences and concentrations of AMR E. coli and Salmonella were simi-
lar among the livestock and municipal sample sources. The levels of erythromycin-resistant
enterococci were significantly higher in liquid samples from cattle catchment ponds and
swine waste lagoons than in liquid samples from municipal wastewater treatment facilities,
but solid samples from these environments did not differ significantly. Similarly, trimetho-
prim/sulfamethoxazole-resistant E. coli concentrations were significantly higher in swine
liquid than in municipal liquid samples, but there was no difference in solid samples. Multi-
variate analysis of the distribution of antimicrobial resistance genes using principal coordi-
nate analysis showed distinct clustering of samples with livestock (cattle and swine), low
impact environment and municipal samples forming three separate clusters. The numbers
of class A beta-lactamase, class C beta-lactamase, and fluoroquinolone resistance genes
detected were significantly higher (P < 0.05) in municipal samples than in cattle runoff or
swine lagoon samples. In conclusion, we report that AMR is a very widespread phenome-
non and that similar prevalences and concentrations of antimicrobial-resistant bacteria and
antimicrobial resistance genes exist in cattle, human, and swine waste streams, but a higher
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diversity of antimicrobial resistance genes are present in treated human waste discharged
from municipal wastewater treatment plants than in livestock environments.
Introduction
Antimicrobial resistance (AMR) is a natural and ancient phenomenon that precedes the thera-
peutic use of antimicrobials in humans [1,2]. Hence, infections involving antimicrobial-resis-
tant bacteria (ARB) were reported shortly after the advent of antimicrobial therapy to treat
human disease [3,4]. The increasing occurrence of antimicrobial-resistant human infections
has been attributed to the selective pressure exerted by the continuous use of antimicrobials in
a variety of applications including human and animal disease therapies, food animal produc-
tion, and horticulture [5]. This has generated concerns over the potential sources and causes of
bacterial resistance and animal agriculture has become a focal point in the search for sources of
ARB impacting human health [6,7].
Livestock production impacts the occurrence of AMR through the application of antimicro-
bials for both therapeutic and prophylactic applications. Numerous studies have found AMR
in agricultural settings [8–11], leading some to conclude that animal agriculture is the domi-
nant source of AMR. When AMR is reported in animal agricultural settings without compari-
son to other environments, there is a false pretense that the identified resistance would not be
found in non-agricultural environments and is a direct result of antimicrobial use in an agricul-
tural setting [12]. It has been reported recently that application of manure fertilization to agri-
cultural soil led to a bloom in AMR even though the animals that produced the manure had
not been treated with antibiotics [13]. The authors concluded that the manure fertilization
allowed for enrichment of resident soil bacteria that harbored AMR elements demonstrating
that AMR source attribution is complex.
Because AMR is ubiquitous, we hypothesized that specific ARB and antimicrobial resistance
genes would be present in multiple environments. Studies have identified ARB in a variety of
habitats including: animal feeding operations [9,14–18], municipal waste streams [19,20], and
pristine environments with little to no human impact [21–23]. However, these studies did not
compare AMR across these habitats. The objective of this study was to compare, using identical
methods, ARB and antimicrobial resistance genes from environments associated with munici-
pal sewage treatment plant effluent, cattle feedlot runoff ponds, swine waste lagoons, and envi-
ronments with minimal direct fecal impact (an urban lake and a relict prairie).
Materials and Methods
Ethics Statement
Permission was obtained from private landowners or municipalities for entry and collection at
all sample locations. This study did not involve endangered or protected species.
Sample collection
A total of 174 samples were collected from the effluent of three municipal wastewater treatment
facilities (municipal), three cattle feedlot runoff catchment ponds (cattle), three swine waste
lagoons (swine), and two environments (an urban lake and a relict prairie) with minimal direct
fecal impact by human or livestock fecal waste (low impact). All sampling sites were located in
central and eastern portions of Nebraska. Each site was visited twice, once in either July or
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August 2013 and once in December 2013. All three municipal wastewater treatment facilities
utilized some form of disinfection (sodium hypochlorite addition or UV irradiation) for the
liquid effluent from April 1 to October 31. The sampling scheme was designed to have one
sample period when disinfection was ongoing and one without disinfection. During each visit
four liquid and four solid samples were collected, except during the July/August visit to a
municipal wastewater treatment facility when only two solid samples were obtained.
Liquid samples (20-ml) consisted of water-sediment slurry. For municipal sites, liquid sam-
ples were collected at the location of discharge into the environment. The collection of solid
samples (10 g) varied by site, but all solid samples were obtained from material post treatment
and was destined for release to the environment. Two municipal sites disposed of dewatered
solids in municipal landfills. The third municipal site did not remove water from the solids,
which were disposed of by injection into agricultural soil. Each of the examined municipal sites
was the sole facility for municipalities with populations between 20,000 and 60,000. Collection
of solid samples at the cattle feedlots utilized manure storage piles if available, otherwise sam-
ples of pen surface material were collected. Feedlot populations ranged from 10,000 to 50,000
head of cattle. In swine production, solid waste is flushed from the production housing with
the liquid waste, both flowing into a lagoon. As such, solids samples were collected around the
edge of each lagoon. Swine populations associated with the examined lagoons ranged from 150
to 2500 sows with associated piglet litters. For the December sampling of the prairie, the pond
had dried so only sediment samples could be collected instead of a liquid-sediment slurry.
Individual samples (n = 174) were processed by traditional culture techniques for antimi-
crobial-resistant Gram-negative (E. coli and Salmonella) and Gram-positive (enterococci) bac-
teria to determine prevalence and to enumerate resistant strains. In addition, samples from
each sampling day were pooled (n = 44) by location and sample type for analysis to identify
genetic determinants of resistance from the entire bacterial population, the vast majority of
which are not amenable to laboratory culture.
Antimicrobial resistance analyses
The bacterial analyses described herein pertain to common foodborne bacteria resistant to crit-
ically important classes of antimicrobials as categorized in Guidance 152 (Evaluating the Safety
of Antimicrobial New Animal Drugs with Regard to Their Microbiological Effects on Bacteria of
Human Health Concern) set forth by the U.S. Food and Drug Administration [24]. The follow-
ing bacteria were the subjects of investigation in this project: 3rd-generation cephalosporin-
resistant (3GCr) E. coli; trimethoprim-sulfamethoxazole-resistant (COTr) E. coli; 3GCr non-
typhoidal Salmonella enterica (non-typhoidal Salmonella will hereafter be referred to as Salmo-
nella); nalidixic acid-resistant (NALr) Salmonella; and erythromycin-resistant (ERYr) Entero-
coccus spp. Each of these antimicrobial resistance classes has been categorized as high priority,
critically important by the World Health Organization, with the exception of COTr, which has
been designated highly important [25]. The genes most commonly identified as encoding resis-
tance to each of the four antimicrobial classes investigated in culture-based portion of this proj-
ect have been associated with mobile genetic elements, such as plasmids, transposons, and
integrons, which are known to be transferred horizontally both inter- and intra-species [26–
29]. Thus, the genes encoding resistance to these classes can be harbored in species other than
the three common foodborne bacteria (Enterococcus spp., E. coli, and Salmonella).
Bacterial enumeration
After transport to the lab, liquid samples were vigorously vortexed and 50 μl were spiral plated
onto different culture media with and without antimicrobials for the enumeration of E. coli,
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Salmonella enterica and Enterococcus species (S1 and S2 Figs). For the purposes of this report
the term “generic” will indicate that the bacterial species was isolated from media that did not
contain antimicrobials of interest and were not isolated based on any specific resistance. For
the enumeration of generic E. coli, 3GCr E. coli and COTr E. coli, CHROMagar E. coli (DRG
International, Mountainside, NJ) was used with no additional antimicrobial (CEC), with
2 mg/liter of cefotaxime (Sigma, St. Louis, MO) (CEC+CTX), or with 4 mg/liter trimethoprim
and 76 mg/liter sulfamethoxazole (Sigma) (CEC+COT), respectively [14]. For Salmonella enu-
meration, samples were plated onto xylose lysine deoxycholate (XLD) agar (Remel, Lenexa,
MO) plus 4.6 ml/liter tergitol, 15 mg/liter novobiocin and 5 mg/liter cefesulodin (XLDtnc)
[30]. XLD agar plus 2 mg/liter cefotaxime (XLD+CTX) and XLD agar plus 32 mg/liter nalidixic
acid (XLD+NAL) were utilized for growth of 3GCr Salmonella spp.; and NALr Salmonella spp.,
respectively. For the enumeration of enterococci, Slanetz and Bartley medium agar (Thermo-
Fisher, St. Louis, MO) plates (SBM) were used. SBM agar plus 8 mg/liter erythromycin plates
(SBM+ERY) were used for erythromycin-resistant (ERYr) Enterococcus spp. CEC+CTX, CEC
+COT, XLDtnc, XLD+CTX, and XLD+NAL plates were incubated at 37°C overnight and the
SBM and SBM+ERY plates were incubated at 35°C for 4 h then at 44°C for 48 h. For bacterial
enumeration from the solid samples, 10 g of the solid matter was added to 90 ml of tryptic soy
broth [TSB, Difco, Becton Dickinson] with phosphate buffer [TSB+PO4; 30 g of TSB, 2.31 g of
KH2PO4, and 12.54 g of K2HPO4 per liter of solution; Sigma] and 50 μl appropriate dilutions
were spiral plated onto CEC, CEC+CTX, CEC+COT, XLDtnc, XLD+CTX, XLD+NAL, SBM,
and SBM+ERY (S2 Fig).
Bacterial prevalence
For the determination of bacterial prevalence, pre-enrichment cultures were prepared by add-
ing 20 ml of the liquid samples to 80 ml of TSB-PO4 and 10 g of the solid matter to 90 ml of
TSB-PO4 [31]. Pre-enrichment broths were incubated at 25°C for 2 h then at 42°C for 6 h, and
then held at 4°C until processed the next day. For the enrichment of Salmonella, a 1-ml aliquot
of the enriched cultures was mixed with 20 μl of Salmonella specific immunomagnetic separa-
tion beads (Dynal, Lake Success, NY). Salmonella was then eluted into 3 ml of Rappaport Vas-
siliadis soy peptone broth (RVS: Remel) and incubated at 42°C for 18 h [32]. For E. coli, 0.5 ml
of the enriched culture was inoculated to 2.5 ml of MacConkey broth (MCB, Becton, Dickinson
and Company, Franklin Lakes, NJ), MCB supplemented with 2.4 mg/liter cefotaxime (MCB
+CTX), and MCB supplemented with 4.8 mg/liter trimethoprim and 91.2 mg/liter sulfameth-
oxazole (MCB+COT) and incubated at 42°C for 18 h [14]. For enterococci, 0.5 ml of the
enriched culture was transferred to 2.5 ml of Enterococcosel broth (ECB, Becton, Dickinson
and Company) and incubated at 37°C overnight. Following incubation, RVS broth enrichment
cultures were swabbed to XLDtnc, XLD+CTX and XLD+NAL plates and incubated at 37°C for
18 h. MCB, MCB+CTX, and MCB+COT E. coli enrichments were swabbed onto CEC, CEC
+CTX and CEC+COT plates, respectively, and incubated at 37°C for 18 h. ECB enterococci
enrichments were swabbed onto SBM and SBM+ERY plates and incubated at 35°C for 4 h then
at 44°C for 48 h. Up to two bacterial isolates that were presumptively isolated on the basis of
characteristic appearance on the respective selective media, were confirmed by using previously
described PCR methods for Salmonella [33,34], E. coli [35] and enterococci [36].
Detection of antimicrobial resistance genes by qPCR array
Forty-four pooled samples were made by combining the individual samples by location, date of
sampling, and sample type (solid or liquid). Pooling resulted in 12 samples each for cattle,
municipal, and swine and 8 samples for the low impact environment. For pooling, equal
Antimicrobial Resistance in Livestock and Municipal Environments
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volumes of the individual samples to be pooled were combined and centrifuged (10,000 x g for
5 min) to produce a 250 mg pellet for DNA extraction. Total metagenomic DNA was extracted
from the pooled samples by using PowerLyzer PowerSoil DNA isolation kit (MO BIO Labora-
tories, Inc., Carlsbad, CA) according to the manufacturer's instructions. Bead beating by using
Bullet Blender Storm 24 (Next Advance, Averill Park, NY) was used for homogenizing the sus-
pension and mechanical disruption of bacterial cells. Microbial DNA qPCR arrays (BAID-
1901Z, QIAGEN, Valencia, CA) were used to detect antimicrobial resistance genes according
to manufacturer's instructions. The array consisted of 84 resistance genes grouped into amino-
glycoside resistance (n = 6), class A (22), class B (9), class C (11) and class D (13) beta-lacta-
mases, fluoroquinolone resistance (10), macrolide-lincosamide-streptograminB (MLSB)
resistance (6), multidrug efflux pumps (2), tetracycline efflux pumps (2), vancomycin resis-
tance (2) and one Staphylococcus aureus beta-lactam resistance (mecA) genes. For each plate
the 25 μl reaction volume consisted of 2x microbial qPCR master mix (QIAGEN, Valencia,
CA) and 5 ng metagenomic DNA. Plates were incubated in an Applied Biosystems 7500 Fast
qPCR thermal cycler (Life Technologies, Grand Island, NY) at 95°C for 10 min followed by 40
cycles of 95°C for 15 sec and 60°C for 2 min. A maximum cycle limit of 34 cycles was used to
determine if an AMR gene was present in a sample. Samples that did not meet threshold detec-
tion for individual genes by 34 cycles were considered to not harbor those genes. Threshold
cycle (CT) values were exported to an Excel 2007 data analysis template provided by QIAGEN
and were analyzed for the presence or absence of the resistance genes.
Relative quantification of AMR genes
For relative quantitation, CT values for individual genes were averaged by sample type (cattle,
low-impact, municipal, swine). If the average CT value for a specific gene was< 34 for two or
more sample types, indicating that the gene was present in the environments, relative quantifi-
cation was performed. Individual genes were normalized to total bacteria in the sample quanti-
tated with two sets of 16S rRNA primers present in triplicate on each PCR plate.
Calculation of relative abundance used the –ΔΔCT method of Livak and Schmittgen [37].
Statistical analysis
Arbitrary values were assigned for enumeration and prevalence separately for both sample
matrices to overcome the problem of zero bacterial counts based on the lower limit of detec-
tions (LLD). For the liquid samples, the theoretical LLD for enumeration and prevalence
were 2.00 and -1.30 log10 CFU/ml respectively. Accordingly, the arbitrary value for prevalence
positive and enumeration negative was 0.35 log10 CFU/ml and for prevalence negative and
enumeration negative was -2.30 log10 CFU/ml. For the solid samples, the theoretical LLD for
enumeration and prevalence were 2.30 and -1.00 log10 CFU/g respectively. Accordingly, the
arbitrary value for prevalence positive and enumeration negative was 0.65 log10 CFU/g and the
arbitrary value for prevalence negative and enumeration negative was -2.00 log10 CFU/g.
Multivariable logistic regression using generalized estimating equations (GEE) model with
logit link function was used to investigate the effect of sample sources (environment, cattle,
human and swine) on the binary outcomes (e.g. prevalence of bacterial isolates) adjusting for
matrix type (liquid and solid) and sampling period (summer and winter) and for clustering
effect by location (sampling sites). Similarly, multivariable linear regression using GEE model
with identity link function was used to investigate the effect of sample sources on the bacterial
counts, expressed as log10 colony forming units (CFU/ml for liquid samples and CFU/g for
solid samples), adjusting for matrix type and sampling period and also for clustering effect by
location. Both the prevalence and bacterial counts data were analyzed by stratifying the data by
Antimicrobial Resistance in Livestock and Municipal Environments
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media type. Bonferroni adjustments were used for all the analyses to account for multiple com-
parisons and P-values< 0.05 were considered significant. For prevalence values of 0 or 100%
the logistic regression models did not converge. In those instances exact binomial 95% confi-
dence intervals were used for pairwise comparisons. These data were analyzed with STATA 13
(StataCorp LP, College Station, Texas). Kruskal-Wallis nonparametric rank test was used to
compare the median number of antimicrobial resistance genes detected per sample among the
sample sources. Multivariate analysis for antimicrobial resistance gene profiles in each sample
were analyzed by principal coordinates analysis (PCoA) with Jaccard similarity index by using
Paleontological Statistics (PAST) software package Version 3.0 [38].
Results
Prevalence and enumeration
The prevalence and enumeration results for E. coli, Salmonella and Enterococcus species are
shown in Tables 1 and 2, respectively. Because the concentrations of the vast majority of the
low impact environment samples were below the limit of detection by enumeration, those data
were not included in Table 2. Similarly, the concentrations of Salmonella cultured on media
with or without target antimicrobials were below the limit of detection by enumeration for the
majority of the samples and as such were not included in Table 2.
The prevalences and concentrations of generic E. coli were not significantly different
(P> 0.05) among all of the environments with the exception of the E. coli concentrations in
the low impact environment, which were significantly (P< 0.05) lower ( 3 logs lower) than
livestock or municipal environments. While the prevalences of 3GCr and COTr E. coli were
highest in the municipal environment as compared to the cattle or swine environments, the dif-
ferences were not statistically significant (P> 0.05). Similarly, there were no statistically signifi-
cant differences (P> 0.05) in the concentrations of 3GCr E. coli obtained from cattle,
municipal and swine samples. The COTr concentration in swine liquid samples was signifi-
cantly higher (P< 0.05) than COTr concentrations in municipal liquid samples, but there was
no difference in solid samples. 3GCr and COTr E. coli were commonly found in cattle, human
Table 1. Model adjusted prevalence (%) of E. coli, Salmonella and Enterococcus species from cattle (n = 48), low impact environment (n = 32),
municipal (n = 46) and swine (n = 48) samplesa.
Environment
Organism Cattle Low-impact Municipal Swine
E. coli 93.8a 93.8a 100a 93.8a
3GCr E. colib 79.2a 18.8b 93.4a 72.9a
COTr E. coli 81.3a 9.4b 100a 81.3a
Salmonella 52.1a 3.1b 65.7a 39.6a
3GCr Salmonella 35.4a 0b 14.7a, b 2.1b
NALr Salmonella 0a 0a 4.3a 0a
Enterococcus species 100a 96.9a 100a 100a
ERYr Enterococcus species 100a 18.8b 84.9a 91.7a
aDifferent superscripts across rows indicate statistically significant (P < 0.05) differences between pair of sample sources. Bonferroni adjusted for multiple
comparisons. For prevalence values of 0 or 100% the logistic regression models did not converge. In those instances exact binomial 95% confidence
intervals were used for pairwise comparisons.
bAbbreviations: 3GCr = third generation cephalosporin resistant; COTr = trimethoprim/sulfamethoxazole resistant; NALr = nalidixic acid resistant; ERYr =
erythromycin resistant
doi:10.1371/journal.pone.0132586.t001
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and swine waste samples (all prevalences> 70%), but were obtained at lower frequencies
(18.8% and 9.4%, respectively) in the low impact environment samples. In addition, all low
impact environment samples had concentrations of 3GCr and COTr E. coli below the limit of
detection for enumeration.
The prevalences of generic Salmonella were not significantly different among cattle, munici-
pal, and swine waste samples. Salmonella was isolated from only one low impact environment
sample. The 3GCr Salmonella prevalence among cattle samples was significantly higher
(P< 0.05) than 3GCr Salmonella prevalence in either low impact or swine samples, but not dif-
ferent (P> 0.05) from municipal samples. NALr Salmonella was recovered only from the
municipal environment as two samples from one municipal environment in the summer were
found to be positive.
Enterococci prevalence did not differ (P> 0.05) between any environments. The prevalence
of ERYr enterococci did not differ (P> 0.05) among cattle, human, and swine-associated envi-
ronments, but was significantly lower (P< 0.05) for low impact environments. The concentra-
tion of ERYr enterococci in municipal samples as compared to human- or swine-associated
samples was significantly (P< 0.05) lower for liquid samples, however there was no statistically
significant difference (P> 0.05) in the solid samples. Similar to generic E. coli concentrations,
the concentration of generic enterococci in the low impact environment was significantly
(P> 0.05) lower ( 2 logs lower) than enterococci concentrations in the other environments.
Sampling period (summer or winter) was not significantly (P> 0.05) associated with the
prevalence or levels of the bacterial species studied.
Detection of antimicrobial resistance genes from metagenomic DNA
A total of 61 out of 84 unique antimicrobial resistance genes were detected from 41 of the
44-pooled samples tested (Table 3). Three of the eight low impact environment-pooled samples
Table 2. Model adjusted mean log10 count of E. coli, Salmonella and Enterococcus spp from cattle,
municipal, and swine samplesa.
Cattle Municipal Swine
Liquid matrix(log CFU/ml)
nb 24 24 24
E. coli 2.8a 2.7a 3.6a
3GCr E. coli 0.7a 0.9a 1.2a
COTr E. coli 1.3a, b 0.9b 2.0a
Enterococcus species 3.1a 2.1a 3.1a
ERYr Enterococcus species 2.7a 0.4b 2.4a
Solid matrix (log CFU/g)
n 24 22 24
E. coli 2.4a 3.4a 1.5a
3GCr E. coli 0.13a 1.4a -0.5a
COTr E. coli 0.3a 1.9a -0.06a
Enterococcus species 2.9a, b 3.3a 1.9b
ERYr Enterococcus species 2.1a 2.0a 0.8a
aDifferent superscripts across rows indicate statistically significant (P < 0.05) differences between pair of
sample sources. Bonferroni adjusted for multiple comparisons.
bAbbreviations: n = number of samples; 3GCr = third generation cephalosporin resistant; COTr =
trimethoprim/sulfamethoxazole resistant; ERYr = erythromycin resistant.
doi:10.1371/journal.pone.0132586.t002
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Table 3. Number of cattle (n = 12), low impact environment (n = 8), municipal (n = 12) and swine (n = 12) pooled samples harboring specific antimi-
crobial resistance genes.
Antibiotic resistance classes Genes Cattle Low-impact Municipal Swine
Aminoglycoside resistance aacC1 3 1 12 1
aacC2 7 6 5
aacC4 5 1 11
aadA1 12 12 12
aphA6 3 6
Class A beta-lactamases BES-1 4
CTX-M-1 Group 5
CTX-M-9 Group 2
GES 12 2
IMI & NMC-A 1
KPC 3
Per-1 group 2
Per-2 group 1 1 2
SFO-1 1 1
SHV 6
SHV(156D) 1
SHV(156G) 2 8 2
SHV(238G240E) 1 7 1
SHV(238S240K) 1 1
TLA-1 1 8
VEB 5 10 4
Class B beta-lactamases IMP-2 group 1
IMP-5 group 2 1
VIM-1 group 2
Class C beta-lactamases ACC-3 1
ACT 5/7 group 1 2 1
ACT-1 group 1 4 1
CMY-10 Group 7
DHA 1
FOX 2
LAT 4
MIR 1 3
MOX 9
Class D beta-lactamases OXA-10 Group 6 12 10
OXA-18 1
OXA-2 Group 11 12 11
OXA-23 Group 1
OXA-24 Group 4
OXA-48 Group 1
OXA-50 Group 1
OXA-51 Group 1
OXA-55 1
OXA-58 Group 4 5
Fluoroquinolone resistance AAC(6)-Ib-cr 6 12 11
QnrA 1
QnrB-1 group 3
(Continued)
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were negative for any of the resistance genes targeted. The top ten most prevalent resistance
genes for all pooled samples (occurring in>50% of all samples) were aminoglycosides (aadA1)
and aminoglycosides/fluoroquinolone resistance (aac(6')-Ib-cr), class D beta-lactamases
(OXA-2 group and OXA-10 group), MLSB resistance (ermA, ermB, ermC, andmefA) and tetra-
cycline efflux genes (tetA and tetB). The median number of antimicrobial resistance genes
detected per pooled sample was 19.5 (range: 9-38), 12.5 (range: 7-21), 12 (range: 8-16), and 1.5
(range: 0-5) in the municipal, swine, cattle, and low impact environment samples, respectively.
The median number of antimicrobial resistance genes detected per sample from low impact
environments was significantly (P = 0.0001) lower than the corresponding median values
among livestock and municipal samples (Fig 1)
Table 3. (Continued)
Antibiotic resistance classes Genes Cattle Low-impact Municipal Swine
QnrB-4 group 1
QnrB-5 group 3
QnrB-8 group 1
QnrC 1
QnrD 1 1
QnrS 10
Macrolide resistance ereB 9 2 3
ermA 12 3 11
ermB 12 1 12 12
ermC 12 3 12
mefA 12 3 12 12
msrA 2
Multidrug resistance efflux pump oprm 1
Tetracycline resistance tetA 12 1 12 11
tetB 11 3 9
doi:10.1371/journal.pone.0132586.t003
Fig 1. Box plot showingmedian distribution of antimicrobial resistance genes detected per pooled
sample among cattle (n = 12), low impact environment (n = 8), municipal (n = 12) and swine (n = 12)
samples. The bold horizontal lines represent the median. The whiskers represent the upper and lower
adjacent values. Superscripts have been assigned to the median. Different superscripts indicate statistically
significant (P = 0.0001) differences between pairs of sample sources.
doi:10.1371/journal.pone.0132586.g001
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When broken down by antibiotic resistance class, the number of class A beta-lactamase,
class C beta-lactamase, and fluoroquinolone resistance genes detected from municipal samples
were significantly higher (P< 0.05) than the number of genes detected from cattle, low impact
environment or swine samples. The individual antimicrobial resistance genes detected in sam-
ples from municipal samples tended to be more diverse than in samples obtained from other
sources with 52, 29, 23 and 11 resistance genes detected from municipal, swine, cattle and low
impact environment sources respectively (Table 3, Fig 2).
Four genes (aacC1, ermB,mefA, tetA) were shared among all four environments indicating
that aminoglycoside, MLSB, and tetracycline resistance determinants were present in all envi-
ronments tested. Other resistance genes were found in multiple environments including 13
shared among cattle, municipal, and swine samples, two shared among municipal, swine, and
low impact environment samples, five were shared only between municipal and swine, two
shared only between cattle and municipal samples, a single gene each shared only between cat-
tle and swine and only between low impact environment and municipal (Fig 2, Table 3).
Twenty-four resistance genes were unique to municipal samples, but only three genes were
unique to swine lagoons, three unique to low impact environment samples and two unique to
feedlot cattle runoff samples.
The four most frequently observed antimicrobial resistance genes that were unique to the
twelve pooled municipal samples were QnrS (detected in 10 of 12, 83%, fluoroquinolone),
MOX (75%, class C beta-lactamase), CMY-10 group (58%, class C beta-lactamase) and SHV
(50%, class A beta-lactamase) (Table 3). Aminoglycoside resistance gene aacC1 and class A
beta-lactamase gene GES were found in 100% of the pooled municipal samples, but only rarely
in other environments. Surprisingly, resistance genes that were unique to the cattle runoff, low
impact environment, or swine lagoon samples were observed in only one of the pooled samples
from each source. Genes coding for carbapenem-hydrolyzing enzymes (GES, IMI & NMC-A,
Fig 2. Venn diagram showing the number of specific genes identified by sample source.One gene
common to cattle and swine samples and one gene common to low impact and municipal samples were not
shown on the Venn diagram. The two genes are common to circles that cannot intersect in this diagram.
doi:10.1371/journal.pone.0132586.g002
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KPC, IMP-2 group, IMP-5 group, VIM-1 group, OXA-23 Group, OXA-24 Group, OXA-48
Group, OXA-51 Group, and OXA-58 Group) were found predominantly (27 of 40 occur-
rences) in the municipal environments, but were detected in livestock and low impact samples
as well.
A multivariate analysis of the distribution of antimicrobial resistance genes using principal
coordinate analysis showed distinct clustering of samples within livestock (cattle and swine),
low impact environment and municipal samples forming three separate clusters (Fig 3). Sam-
ples within each source (cluster) were more similar to each other with respect to their antimi-
crobial resistance gene profiles whereas samples from different sources (clusters) were more
dissimilar. Municipal and low impact environment samples were not related to each other thus
forming two separate clusters. However, cattle and swine samples were closely related to each
other forming a third cluster and were not related to either municipal or low impact environ-
ment samples.
Relative quantitation of antimicrobial resistance genes from
metagenomic DNA
Only seven AMR genes [AAC(6)-Ib-cr, aadA1, OXA-10 group, OXA-2 group, ermB,
mefA, and tetA] were common to cattle, municipal and swine samples and had average CT
values< 34 (S1 Table). All seven genes were more abundant in municipal samples than either
cattle or swine samples. When cattle samples were compared to municipal, four genes [AAC
(6)-Ib-cr, OXA-10 group, OXA-2 group, and ermB) representing three classes of antimicrobials
Fig 3. Principal coordinate analysis showing the clustering of antimicrobial resistance genes by livestock, municipal and low impact
environmental samples. Antimicrobial resistance genes were detected among cattle (n = 12), low impact environment (n = 8), municipal (n = 12) and swine
(n = 12) pooled samples. Data points are colored as follows: green = cattle, red = low impact environment, black = municipal and blue = swine.
doi:10.1371/journal.pone.0132586.g003
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were at least 10-fold more abundant in the municipal samples than in the cattle samples. The
beta lactamase OXA-10 group had the largest disparity being approximately 3 log10-fold more
abundant in municipal samples than in cattle samples. A similar trend was observed when
swine samples were compared to municipal samples (S1 Table).
Discussion
This study set out to determine the relative contribution of animal agriculture to AMR as com-
pared to the treated effluent from municipal wastewater treatment plants and environments
not expected to be impacted by the selective pressure of antimicrobials. Animal agriculture has
become a focal point for the spread of AMR primarily based on the amount of antimicrobials
used in food animal production [6,7]. It should be noted that one-third of the antimicrobials
utilized in food animal production (ionophores) [39] do not have any equivalent drugs used
for human therapeutic purposes. Tetracyclines, which make up another 40% of total antimicro-
bials used in animal agriculture, are not considered a first-line antimicrobial treatment in
human medicine [40]. However, there are several antimicrobials administered to food animals
that are analogs to human therapeutic compounds and many studies have documented resis-
tance to antimicrobials that are critically important in fighting human disease in samples from
food animal production environments [10,11,41–43]. The deficiency in turning complete focus
towards animal agriculture based on these previous, isolated studies is that in the absence of
rigorous epidemiological tracking data, AMR prevalence results need to be placed into the con-
text of AMR as a whole [44].
AMR is an ancient phenomenon and is present in most environments [1,2,22]. AMR has
been a common occurrence long before the clinical use of antimicrobials. It would appear that
the presence of AMR is less a function of the ecosystem under study, but rather the methods
used to detect AMR. In the current study, 3GCr E. coli, COTr E. coli, and ERYr enterococci
were isolated from low impact samples collected in environments not expected to have much
exposure to ARB populations or antimicrobial selective pressure. These low impact environ-
ment samples also were found to contain antimicrobial resistance genes for 7 of the 10 resis-
tance classes that were screened for. In addition, three carbapenemase genes (IMI & NMC-A,
IMP-2 group, and OXA-23 group), coding for resistance elements associated with carbape-
nem-resistant Enterobacteriaceae, opportunistic pathogens that are extremely difficult to treat
clinically and assigned a threat level of urgent by the Centers for Disease Control (40), were
detected in samples obtained from the relict prairie. It is possible that the origins of resistance
in these low impact environments could be attributed to the spread of ARB via direct fecal con-
tamination from wildlife or companion animals [45–47] as well as indirect contamination via
runoff from weather-related events [48,49]. It may also be that the AMR elements are intrinsic
to these environments.
Udikovik-Kolic et al. [13] recently demonstrated an increase in ARB populations in soil fer-
tilized with manure. Surprisingly, the source of ARB was not attributed to the manure, as the
cattle that produced the manure had not been treated with antimicrobials. The authors con-
cluded that the increase was due to growth of a resident ARB population in the soil with the
manure providing the nutrients and other factors necessary for growth [13]. It should be noted
that in the current study ARB were found somewhat frequently (9.4% prevalence of COTr E.
coli and 18.8% prevalence of 3GCr E. coli and ERYr enterococci) in the low impact environ-
ments in spite of the fact that the total bacterial populations, as measured via generic E. coli
and enterococci counts, were 2 to 3 logs lower in the low impact environments compared to
the livestock or municipal environments. This implies that if the total bacterial populations in
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the low impact environments were increased to levels comparable to the livestock and munici-
pal environments, one may observe comparable prevalences of ARB.
Previous studies have reported detection of AMR in environments not considered to be
exposed to antimicrobials [50–52]. Miteva et al. [50] recovered several multidrug-resistant psy-
chrophiles from an ice core sample removed from a glacier in Greenland. These microorgan-
isms were believed to be solidified in the ice 120,000 years ago. The authors concluded from
this finding that AMR is ubiquitous and not dependent on human application of antibiotics
[50]. Brown and Balkwill [51] recovered ARB from deep subsurface sediments, which had not
been influenced by surface phenomenon for 3 million years. Most of the isolates recovered in
the study were resistant to more than one antimicrobial, with one isolate resistant to eight anti-
microbials. Similarly, Bhullar et al. [52] investigated the AMR microbiome of a cave isolated
from surface perturbations for over 4 million years. Again, many isolates were multidrug resis-
tant with some isolates resistant to 14 antimicrobials.
The existence of vast ARB populations in the absence of human-applied antimicrobial selec-
tive pressure is not confined to soils and sediments. Several studies have reported the presence
of ARB in the intestinal tracts of individuals living in remote communities with minimal to no
antimicrobial use. Davis and Anandan [53] studied a community in North Borneo and con-
cluded that multiple-antimicrobials resistance elements existed in human populations prior to
the introduction of man-made antimicrobials. High prevalences of tetracycline, ampicillin, tri-
methoprim-sulfamethoxazole, and chloramphenicol-resistant E. coli were recovered from fecal
samples from subjects living in remote communities of Bolivia and Peru [54,55]. Interestingly,
the prevalences of COTr E. coli reported for individuals in these remote communities (50%
Bolivia and 67% Peru; [54,55]) with minimal to no antimicrobials exposure were comparable
to those seen for the livestock environments (81.3% for both cattle and swine environments) in
the current study.
When comparing the low impact environments to the animal agriculture environments for
the study described herein, similar types of bacteria and resistance gene classes were observed,
however the livestock samples contained higher concentrations of the specific bacterial types
and more diversity of ARGs within each resistance class. This was observed to a greater extent
when the municipal samples were used in the comparisons. While the solid and liquid effluent
samples from the municipal wastewater treatment facilities had comparable prevalences and
concentrations of ARB as compared to the livestock samples, municipal samples were the only
samples found to harbor NALr Salmonella. In addition, municipal samples contained higher
prevalences and more diversity of antimicrobial resistance genes than any of the other sample
types. In addition, antimicrobial genes found in multiple environments tended to be in higher
abundance in the municipal environments than in livestock environments. This was not unex-
pected; as many studies have consistently demonstrated that materials discharged from waste-
water (WWT) facilities carry high levels of antimicrobial residues and ARB [56–61].
Antimicrobials can enter municipal WWT facilities from various routes [62–64]. One
potential route involves antimicrobials and their pharmacologically active metabolites that are
excreted from patients following a clinical treatment regimen. Another route comes from
improper disposal of unused or expired antimicrobials via discharge to a local sewer system by
individuals or institutions. These inputs of antimicrobials to WWT facilities are accompanied
by high concentrations of antimicrobial-resistant and susceptible bacteria. Therefore, there can
be selective pressure and sufficient antimicrobial resistance genes levels to facilitate amplifica-
tion of the ARB population in the WWT facility liquid effluent and discarded biosolids [65,66].
Surprisingly, those facilities receiving waste streams from hospitals appear to be no more likely
to discharge ARB thanWWT facilities that did not receive hospital effluent [67]. One
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hypothesis put forward to explain this was that the levels of ARB in WWT facilities were
already very high, hence additional inputs from hospital waste would not be discernible [67].
It is clear that multiple resistance types are commonly found in many environments. This is
perhaps most evident using metagenomic studies. Metagenomic analyses allow for screening of
many more resistance elements than traditional bacterial culture by not having to run a sepa-
rate assay for each resistance to be investigated. Nesme et al. [68] analyzed 71 environments in
a metagenomic study for antimicrobial resistance. The environments included Antarctic lakes,
the Atlantic ocean, soils from geographically distant regions, and intestinal tract samples from
chickens, cows, humans, and mice. The authors found antimicrobial resistance genes determi-
nants in all 71 environments with soil metagenomes harboring the most diverse groups of anti-
microbial resistance genes determinants [68]. Another finding from the study was that the
antimicrobial resistance genes determinants were clustered by environment. Hierarchical clus-
tering grouped human feces, ocean and soil metagenomes into three distinct clusters by envi-
ronment [68]. Soil and human feces shared more resistance classes with each other than either
did with ocean metagenomes. In the current study, clustering by environment was observed as
well. Cattle and swine environments were quite similar based upon antimicrobial resistance
gene content, while the municipal and low impact environments were unique. This indicates
that ARB populations associated with animal agriculture are distinct from those associated
with human activity. A recent study of AR Salmonella DT104 isolated from samples of sympat-
ric human and animal populations in Scotland identified that the DT104 strains obtained from
each of these two communities were epidemiologically distinguishable [69]. This finding led
the authors to conclude that cattle were unlikely to be the major source of resistance diversity
for humans and that restricting antimicrobial use in domestic animals in order to curb resis-
tance in humans may not be effective [69].
The use of antimicrobials in food animal production does provide selective pressure for the
amplification of AMR, but the impact on human health is difficult to measure. One difficulty
in determining the impact of animal agriculture on AMR with regard to human health is that
AMR can be thought of as ubiquitous and current tracking methods lack adequate resolution
for source attribution. Hence, when ARB are found in a particular environment, conclusions
may be formed based on data that were not placed in proper context.
A second issue that complicates the linkage of antimicrobials use in agriculture with human
health concerns is that a direct correlation between veterinary antimicrobials usage and AMR
in human clinical isolates has not been established. It has been reported from the United King-
dom that trends in AMR characteristics for Salmonella isolated from human clinical disease
cases in England andWales did not correspond to fluctuations of veterinary antimicrobials
sales in the same regions [70]. The authors noted several divergent trends most notably the
increase in fluoroquinolone resistance of S. Enteritidis 11% to 26% from 2000 to 2004, while
the veterinary sales of fluoroquinolones had dropped by 17% over the same time period. One
factor possibly affecting this outcome is that increases in AMR following animal treatment
appear to be transient. Several studies have shown that when cattle are given antimicrobials
treatments there is an increase in the ARB population, which then wanes shortly after the ther-
apy is completed, returning to baseline population levels [9,71–73]. Cox et al. [71] modeled the
Salmonella Typhimurium population associated with cattle in England andWales and observed
peaks of resistance in mid-late spring and a lesser peak in late autumn. The authors determined
these peaks to be associated with times of calving and animal transport, which would be associ-
ated with the main periods of antimicrobials treatments as well. The authors also documented
the rapid decrease in resistance during periods where antimicrobials use in cattle was less [71].
Schmidt et al. [9] performed a longitudinal study demonstrating that cattle treatments with cef-
tiofur led to a transient increase of 3GCr E. coli shedding following ceftiofur treatment, but
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quickly thereafter ceftiofur-treated cattle were no more likely than untreated members of the
same herd to shed 3GCr E. coli. Similar findings of transient increases in 3GCr E. coli popula-
tions following ceftiofur treatment of cattle were reported by Lowrance et al. [72] and Singer
et al. [73].
In this study we demonstrated that similar levels of ARB and antimicrobial resistance genes
can be obtained from livestock and treated human waste when these environments are sampled
and analyzed with identical methods and that the diversity of antimicrobial resistance genes is
highest in environments associated with treated human waste. In addition, ARB populations
and several antimicrobial resistance genes were detected in the low impact environment sam-
ples in spite of the fact that the total bacterial populations, as represented by E. coli and entero-
cocci, in those environments were low. Hence, when assessing risk for development and spread
of ARB, a survey of a discrete environment does not provide the necessary context for valid
risk assessment.
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